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The behavior of water in weightlessness, as occurs in orbiting spacecraft, presents multiple challenges 
for plant growth. Soils remain saturated, impeding aeration, and leaf surfaces remain wet, impeding gas 
exchange. Herein we report developmental and biochemical anomalies of “Super Dwarf” wheat (Triticum 
aestivum L.) grown aboard Space Station Mir during the 1996–97 “Greenhouse 2” experiment. Leaves 
of Mir-grown wheat were hyperhydric, senesced precociously and accumulated aromatic and branched-
chain amino acids typical of tissues experiencing oxidative stress. The highest levels of stress-speciﬁc 
amino acids occurred in precociously-senescing leaves. Our results suggest that the leaf ventilation 
system of the Svet Greenhouse failed to remove suﬃcient boundary layer water, thus leading to poor 
gas exchange and onset of oxidative stress. As oxidative stress in plants has been observed in recent 
space-ﬂight experiments, we recommend that percentage water content in apoplast free-spaces of leaves 
be used to evaluate leaf ventilation effectiveness. Mir-grown plants also tillered excessively. Crowns and 
culms of these plants contained low levels of abscisic acid but high levels of cytokinins. High ethylene 
levels may have suppressed abscisic acid synthesis, thus permitting cytokinins to accumulate and tillering 
to occur.
© 2015 The Committee on Space Research (COSPAR). Published by Elsevier Ltd. This is an open access 
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Crops have been grown successfully from seed to seed in 
weightlessness when root zone and canopy environments were 
appropriately modiﬁed (Sychev et al., 2001, 2007; Musgrave and 
Kuang, 2003). Nevertheless, studies suggest that weightlessness 
negatively impacts various physiological and developmental pro-
cesses required for high yields (Musgrave et al., 2000, 2005; Ferl et 
al., 2002; Wolverton and Kiss, 2009; Paul et al., 2013; De Micco et 
al., 2014). The extent to which growth and yield are affected nega-
tively by weightlessness, rather than by terrestrial stresses that are 
merely weightlessness-aggravated, is unclear (Wolff et al., 2013;
De Micco et al., 2014). Solving this question will require additional 
hardware experiments wherein weightlessness-aggravated terres-
trial stresses are identiﬁed and minimized. Developmental anoma-
lies persisting after such iterations of experimentation may indeed 
have weightlessness-based etiologies.
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(http://creativecommons.org/licenses/by-nc-nd/4.0/).In 1996–97, two experiments were conducted aboard the Rus-
sian Space Station Mir using ‘Super Dwarf’ wheat (Triticum aes-
tivum L.). For the ﬁrst experiment, plants were grown for 123 d. 
Compared to Earth-grown controls, the Mir-grown plants were 
shorter, lighter and had tillered excessively. They had also pro-
duced ﬂoral spikes, but no seeds (Levinskikh et al., 2000). Gas 
analysis measurements aboard Mir indicated that concentrations 
of ethylene, a gaseous plant hormone, were consistently above 
physiologically-detrimental levels. From subsequent trials on Earth, 
where ethylene levels were tested, it was concluded that ethylene 
had caused the observed growth anomalies and the failure of seeds 
to form (Campbell et al., 2001).
Following harvest of the 123-d experiment, the root modules 
were reseeded to produce a second set of Super Dwarf plants. Thir-
teen days after sowing, leaf bags were placed over the canopies, 
and for 12 d photosynthesis and transpiration rates were mea-
sured (Monje et al., 2000). After an additional 16 d (41 d total), 
the plants were harvested, and the shoots and some roots were 
frozen and transported to Earth for morphological, elemental, hor-
monal and free amino acid analyses. Data obtained from these 
analyses and analyses of reference plants grown under favorable 
conditions on earth were summarized in NASA reports. However, td. This is an open access article under the CC BY-NC-ND license 
60 J.G. Carman et al. / Life Sciences in Space Research 6 (2015) 59–68Fig. 1. Greenhouse-2 wheat growing in the Svet growth chamber aboard Mir (123-d 
experiment, A–B) and frozen wheat (41-d experiment, C–D) 3 h after Space Shuttle 
Atlantis (STS-81) landed at the Kennedy Space Center. (A) Astronaut Shannon Lu-
cid displaying Svet. (B) Close-up of wheat in Svet. (C) Opened GN2 canister with 
aluminum-foil-wrapped wheat plants. The plants had been folded to ﬁt in the 
canister. (D) Frozen wheat plants immediately after being unwrapped. Note early 
senescence of leaves (compare with B).
mock-up ground controls and analyses thereof were not funded. 
Consequently, the obtained data were not published.
Recent ﬁndings concerning plant metabolism and hormone 
physiology, and recent reports of oxidative stress coupled with ex-
cessive reactive oxygen species (ROS) formation in weightlessness-
grown plants, have caused us to reconsider the publishing of our 
data. Of interest, our data provide evidence that the Mir-grown 
plants experienced hyperhydricity-induced anoxia followed by ox-
idative stress, autophagy and precocious leaf senescence. It has 
been postulated that elevated oxidative stress in weightlessness-
grown plants is caused by radiation and unexplained weightless-
ness effects (Shagimardanova et al., 2010; Sugimoto et al., 2014). 
However, in our experiments major causes of oxidative stress ap-
pear to have been high ethylene levels and suboptimal leaf venti-
lation.
2. Materials and methods
2.1. Plant materials and growth conditions
Plants of the hexaploid wheat cv. Super Dwarf, CIMMYT se-
lection CMH79.481-1Y8B-2Y-2B-OY (Salisbury et al., 1998), were 
grown aboard Mir in the Svet growth chamber as part of the 
1996–97 Greenhouse-2 project (Bingham et al., 1996b; Campbell 
et al., 2001; Salisbury et al., 2003). Brieﬂy, Svet consisted of 
two Balkanine-ﬁlled root modules (0.1 m2 canopy area) that sup-
ported up to 40-cm-tall plants. Balkanine is a clinoptilolite zeolite 
(Mumpton, 1999) from the Beli Plast deposit, Bulgaria, that is nat-
urally charged with enough minerals for several cycles of plant 
growth (Table 1; Ivanova et al., 1997). Lighting in Svet was pro-
vided by ﬂuorescent lamps that delivered a mean photosynthetic 
photon ﬂux of 400 μmolem−2 s−1 (20/4 d/n photoperiod), and d/n 
temperatures were set for 28/21◦C. Leaf ventilation was achieved 
by a cooling fan above the light banks, which drew air in at 
the base of the greenhouse and moved it out into the Mir cabin 
(Fig. 1A). Air ﬂow through Svet occurred at 1500 Lmin−1.Table 1
Growth parameters for Mir-grown and reference plants.
Parameter Mir-grown 
plants
Reference 
plants
Air temperature, d/n (C) 28/21a 22/16
Photoperiod, d/n 20/4b 16/8
Photosynthetically active 
photon ﬂux, μmolm−2 s−1
450b 500–700
CO2, mmolmol−1 7.5–9.1b 0.37
Ethylene, μmolmol−1 1.1–1.7c <0.1
Relative humidity, % 68–96b 20–30
Weightlessness Yes No
Soil substrate Balkaninea 3:1:1d
Substrate moisture level, 
percent of saturation
40–70a 40–60
Nutrientse, mgL−1
N
NH4 941 2.42
NO3 3.78
Urea 6.20
P 88 5.42
K 20126 10.33
Ca 6892
Na 5152
Mg 608 0.03100
Mn 0.01550
Fe 0.03100
B 5 0.00422
Cu 29 0.00223
Zn 101 0.00155
Mo 0.00062
Ag+ 0.2b
a Levinskikh et al. (2000).
b Monje et al. (2000).
c Bingham et al. (1996a), James et al. (1997).
d Sunshine Mix #1, peat moss, sandy loam soil.
e Nutrients for Mir-grown plants are reported as PPM Balkanine (Ivanova et al., 
1997) adjusted for bulk density, 0.84 (Kostov and Sapunova, 2009), and water con-
tent, 0.5 cm3/cm3 (Jones and Or, 1999). These values do not reﬂect actual levels 
of nutrient availability, which involve highly-variable dissolution and ion exchange 
rates. Nutrients available to reference plants were provided by Peters 20:20:20 fer-
tilizer (250 mgL−1) and Sunshine #1 Mix (equivalent to one full-nutrient applica-
tion, not included).
Two crops of wheat were produced in the Svet greenhouse for 
the 1996–97 Greenhouse-2 experiments. The ﬁrst crop was planted 
by astronaut Shannon Lucid on Aug 5, 1996 (Fig. 1A–B). It con-
sisted of four rows of 26 seeds each, two rows in each of two root 
modules (104 seeds total). These were grown for 123 d. The plants 
were then harvested by astronaut John Blaha on Dec 6, 1996. Blaha 
reseeded the root modules on the same day. The second crop was 
grown for 41 d. The plants, consisting of shoots and some roots, 
were individually harvested by Blaha in January, 1997. The pro-
cess included folding the plants, wrapping the plants in aluminum 
foil, and inserting the wrapped plants in the liquid-N2-cooled 
GN2 freezer (Fig. 1C). The plants were then transported to Earth 
aboard Space Shuttle Atlantis (STS-81 Mission) (Salisbury, 1997;
Salisbury et al., 2003). Within 3 h of landing at the Kennedy Space 
Center (January 22, 1997), the frozen plants (Fig. 1D) were divided 
randomly into two groups, one for analyses at Utah State Uni-
versity (USU) and one for analyses at the Institute of Biomedical 
Problems, Moscow, Russia. Plants were shipped on dry ice to these 
locations. The present paper deals with the 18 41-d-old Mir-grown 
plants shipped to USU and with 20 additional Super Dwarf plants 
grown at USU under favorable conditions and referred to herein as 
reference plants.
A formal ground control experiment for the 41-d plants (2nd 
planting) using a Svet mock-up was not funded. Since rigorous 
simulation of multiple environmental variables experienced within 
Svet (Table 1) was not possible, we decided to produce a healthy, 
low-cost “reference” set of Super Dwarf wheat, to be grown under 
more ideal nutrient, lighting and temperature conditions, so as to 
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chemical anomalies observed among speciﬁc tissue types of the 
Mir-grown plants. The reference plants were grown in 1997 (post-
ﬂight) for the same period of time, 41 d, in a Perceval (Perry, IA) 
growth chamber in 3.7 L pots containing a 3:1:1 mixture of Sun-
shine Mix #1 (Sun Gro Horticulture Canada Ltd, Vancouver, BC, 
Canada), peat moss and sandy-loam soil. Light (photosynthetic 
photon ﬂux of 500–700 μmolm−2 s−1 at the canopy surface) was 
provided by ﬂuorescent and incandescent lights using a 16/8 d/n 
photoperiod and a 22/16 ◦C d/n temperature regime. Plants were 
watered regularly with a dilute solution (250 mgL−1) of Peters 
Professional 20–20–20 fertilizer (Scotts, Marysville, Ohio), which 
provided nutrients as listed in Table 1. All analyses of harvested 
plant materials, from Mir-grown and reference plants, were com-
pleted in 1997.
2.2. Morphometric analyses
The Mir-grown plants were separated on ice at USU accord-
ing to numbers of tillers per plant, and the following variables 
were quantiﬁed: i) numbers of primary, secondary, and tertiary 
tillers per plant, ii) numbers of living and senescent leaves for 
each parent shoot and tiller, and iii) lengths and widths of the 
youngest fully-expanded leaf (sheath plus blade) for each parent 
shoot and tiller. Additionally, lengths and widths of all leaves were 
obtained for six randomly selected plants. Primary tillers are de-
ﬁned herein as tillers arising from the crown of the parent shoot 
(original shoot produced by the seedling). Secondary and tertiary 
tillers are deﬁned as tillers arising from crowns of primary and 
secondary tillers, respectively. Leaf measurements were also made 
on tillers of the reference plants. Leaf areas of all plants were es-
timated according to the equation 0.75 × leaf length × leaf width 
(Sestak et al., 1971). The plants were kept frozen during morpho-
metric analyses.
2.3. Tissue water measurements
Following morphometric analyses, Mir-grown plants were dis-
sected on ice into tissue categories: roots, crowns, culms, young 
leaves, mature leaves and senescent leaves. Tissue samples from 
each individual parent shoot or tiller were kept separate from 
those of other parent shoots or tillers, and each was labeled such 
that it could be traced back to a given plant number, which iden-
tiﬁed the root module in which the plant was grown and the 
row number and location within the row. The reference plants 
were dissected and divided into the same tissue categories. Fresh 
mass (FM) values were obtained for each sample, the samples 
were lyophilized in pre-weighed micro-centrifuge tubes using a Sa-
vant Speedvac (Thermo Fisher Scientiﬁc, Inc., Waltham, MA), dry 
mass (DM) values were then obtained, and samples were stored at 
−80 ◦C until analysis.
Mir-grown samples were further partitioned according to dry 
mass. This was done by i) summing the DM of all leaves (young, 
mature, and old) of each parent shoot or tiller, ii) ranking the par-
ent shoots or tillers by total leaf DM, and iii) partitioning them 
into high or low DM categories (Fig. 2). The cutoff between high 
and low DM categories was chosen near the median, i.e., so that 
near-equal quantities of DM were present in each category.
2.4. Mineral analyses
Lyophilized samples targeted for mineral analyses (Table 2) 
were digested using nitric and perchloric acids (Jones et al., 1991)
and analyzed by inductively-coupled plasma spectrometry (Thermo 
Jarrell, Model ICAP 9000, Franklin, MA).Fig. 2. Sampling of Mir-grown plants. The strategy was based on i) numbers of tillers 
produced per plant (few or many), and ii) size of parent shoots or tillers as deter-
mined by leaf DM (high or low). Most Mir-grown plants were dimorphic in terms 
of possessing both large and small tillers.
2.5. Analyses of free amino acids
Lyophilized samples targeted for free amino acid analyses (Ta-
ble 2) were homogenized using a Brinkmann Polytron homoge-
nizer (Metrohm USA, Inc., Riverview, FL) on ice in 5 mL tubes for 
15–60 s at medium to high speed using a ratio of 15 mg sample 
to 1.0 mL high performance amino acid dilution buffer (Beckman 
7300/6300, Beckman Coulter, Brea, CA) diluted 50 % (v/v) with 
deionized water. Samples were passed through a 0.2 μm ﬁlter and 
collected in a second 5 mL tube. The homogenizer bit was rinsed 
once using diluted buffer (same volume for the rinsate as was used 
for the initial grinding), and the rinsate was passed through the 
0.2 μm ﬁlter. Samples were then dried in a rotary evaporator and 
brought to volume using dilution buffer: 15 mg sample to 1.0 mL 
dilution buffer. Vortexing and sonication were used to dissolve the 
pellet. Sample solutions were frozen until analysis. Sample aliquots 
(20 μL) were injected in a Beckman 6300 High Performance Amino 
Acid Analyzer, and data were electronically captured and analyzed. 
These procedures do not discriminate between glutamine and glu-
tamic acid or asparagine and aspartic acid.
2.6. Hormone analyses
Levels of abscisic acid (ABA), indole-3-acedic acid (IAA) and 
six cytokinins (zeatin, zeatin riboside, dihydrozeatin, dihydrozeatin 
riboside, isopentenyl adenine, and isopentenyl adenosine) were an-
alyzed as previously described (Hess and Carman, 1993, 1998; Nan 
et al., 1999). Brieﬂy, samples were homogenized and lyophilized 
in methanol and spiked with tritiated hormones. Extracted hor-
mones were puriﬁed using solid phase chromatography and HPLC, 
and HPLC fractions were collected along with aliquots for scintil-
lation counting. Pooled hormones were lyophilized to dryness and 
were quantiﬁed by non-competitive indirect ELISA.
2.7. Statistical analyses
Descriptive statistics, analysis of variance with Tukey multiple 
range tests, and linear regression analyses were performed using 
SYSTAT Software (2004). Tests of signiﬁcance were performed at 
the P ≤ 0.05 level.
3. Results and discussion
The reference plant environment differed from that of the 
Svet environment in many ways including lighting, temperature, 
CO2 and ethylene levels, relative humidity, soil properties, nutri-
ent availability, and weightlessness (Table 1). Collectively, these 
factors caused Mir-grown plants and reference plants to develop 
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Dry mass (DM), water content (H2O %) and chemical analyses performed for tissue samples of Mir-grown plants and reference plants. Samples were partitioned based on 
numbers of tillers produced per plant (tillers per plant) and total shoot or tiller DM.
Samplea Growth 
environment
Tillers per 
plant
Tiller or 
shoot DM
DM 
(mg)
H2O 
(%)
Analysisb
R1 Mir Few/many High/low 65 86.0 H
R2 Mir Few/many High/low 69 84.3 H
K1 Mir Many High/low 127 84.4 H
K2 Mir Many High/low 122 84.8 H
K3 Mir Few High/low 122 85.4 H
K4 Mir Few High/low 100 85.5 H
C1 Mir Many High/low 85 83.8 H
C2 Mir Many High/low 132 85.3 H
C3 Mir Few High/low 66 85.0 H
C4 Mir Few High/low 52 87.4 H
Y1 Mir All High/low 87 85.6 H
Y2 Mir All High/low 83 86.3 H
M1 Mir Many High 712 82.5 M, AA, H
M2 Mir Many High 601 77.1 M, AA, H
M3 Mir Many Low 510 84.3 M, AA, H
M4 Mir Many Low 529 82.6 M, AA, H
M5 Mir Few High 402 82.9 M (5+ 7), AA, H
M7 Mir Few Low 312 84.5 M (5+ 7), AA, H
M6 Mir Few High 436 83.6 M (6+ 8), AA, H
M8 Mir Few Low 306 83.5 M (6+ 8), AA, H
O1 Mir Many High 217 69.1 AA, H
O2 Mir Many High 188 68.6 H
O3 Mir Many Low 210 69.4 AA, H
O4 Mir Many Low 235 65.0 AA, H
O5 Mir Few High 116 70.0 AA, H
O6 Mir Few High 191 64.3 AA, H
O7 Mir Few Low 119 57.3 AA, H
O8 Mir Few Low 212 67.1 AA, H
R1 Reference Few High/low 49 78.4 H
R2 Reference Few High/low 52 82.3 H
K1 Reference Few High/low 67 76.8 H
K2 Reference Few High/low 59 79.3 H
C1 Reference Few High/low 151 83.0 H
C2 Reference Few High/low 161 81.6 H
Y1 Reference Few High/low 66 79.3 H
Y2 Reference Few High/low 65 78.6 H
M1 Reference Few High 718 76.5 M, AA, H
M2 Reference Few High 607 76.5 M, H
M3 Reference Few Low 462 78.4 M, AA, H
M4 Reference Few Low 576 77.2 M, AA, H
O1 Reference Few High/low 103 82.4 AA, H
O2 Reference Few High/low 106 78.4 AA, H
a R, roots; K, crowns; C, culms; Y, young leaves; M, mature leaves; O, old leaves.
b AA, amino acids; H, hormones; M, minerals.differently. Herein, we identify developmental, nutritional and bio-
chemical differences and evaluate various factors that may have 
contributed to them.
3.1. Leaf and tiller dynamics
We obtained 18 of 37 Super Dwarf plants harvested from the 
second sowing of the Mir Greenhouse-2 project, 8 and 10 from 
root modules 1 and 2, respectively. In addition to their parent 
shoots, these plants produced 89 tillers, and the parent shoots and 
tillers produced a total of 544 leaves. Numbers of tillers produced 
per plant varied from 0–12. Tiller frequency (Fig. 2) did not differ 
across root modules.
Six plants were randomly selected for leaf-area measurements. 
These had produced 29 shoots (parent shoots plus tillers) and 182 
leaves. Numbers of leaves per shoot poorly predicted leaf area per 
shoot (r2 = 0.50). However, numbers of leaves per plant were good 
predictors of total leaf area per plant (r2 = 0.95). The difference 
in r2 values occurred because most Mir-grown plants possessed 
both large-leafed and small-leafed tillers. Thus, numbers of leaves 
per shoot were poor predictors of leaf area per shoot, but num-
bers of leaves per plant (often possessing small and large-leafed 
tillers) were good predictors of per-plant leaf area. Because of its uniform occurrence, this large-tiller/small-tiller dimorphism was 
probably caused by a uniformly-experienced stress, such as high 
ethylene levels (Levinskikh et al., 2000; Campbell et al., 2001), 
rather than inconsistently-experienced stresses such as periodic 
root-zone ﬂooding or drying.
Shoots of root module 1 were longer and the surface areas of 
their youngest fully-expanded leaves were greater than those of 
module 2 (Fig. 3). Primary tillers of module 1 were comparable in 
length to those of the reference plants, but their leaves were nar-
rower, e.g., the mean surface area of the youngest fully-expanded 
leaves of Mir-grown primary tillers (module 1) was only half the 
value observed for the reference plants (Fig. 3). Mir-grown plants 
with many tillers (across modules) were taller than plants with 
few tillers, but this correlation was weak (r2 = 0.17). Parent shoots 
of Mir-grown plants produced more tillers than primary or sec-
ondary tillers; and parent shoots, primary tillers and secondary 
tillers tended to be longer than primary, secondary and tertiary 
tillers, respectively (Fig. 3). This phenomenon suggests either a re-
laxation of apical dominance (reduced levels of auxins in crowns) 
or an increase in cytokinin levels in crowns. Evidence for the latter 
is presented below.
The average number of leaves produced per tiller did not differ 
among primary, secondary and tertiary tillers of Mir-grown plants 
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areas for shoots or tillers of Mir-grown Super Dwarf wheat plants as affected by 
root module and type of shoot, i.e., parent shoot or primary (1◦), secondary (2◦) or 
tertiary (3◦) tiller. The shoot type main effect among Mir-grown plants was highly 
signiﬁcant (P ≤ 0.001). The root module main effect was signiﬁcant (P ≤ 0.05) for 
shoot or tiller lengths and for areas of fully expanded leaves. Analyses involving 
numbers of leaves or interactions (dependent variables) were not signiﬁcant. Data 
from primary tillers of reference plants are shown for comparison.
and primary tillers of the reference plants (Fig. 3). However, more 
leaves formed on parent shoots than on tillers. Also, the mean 
leaf area of the youngest fully-expanded leaves of parent shoots 
was greater than that of tillers (Fig. 3). Precocious senescence and 
death were prevalent among mature leaves and even young leaves 
of Mir-grown shoots and tillers (Fig. 1B, D). This was not observed 
among leaves of the reference plants.
Super Dwarf plants grown hydroponically on Earth and exposed 
to ethylene at 0, 1 and 3 μmolmol−1 produced 5.6, 8.0 and 12.6 
tillers per plant, respectively (Campbell et al., 2001). This suggests 
that ethylene aboard Mir (1.1–1.7 μmolmol−1) may have caused 
the excessive tillering, which is further suggested by pre-ﬂight 
ground controls. The controls, grown in Balkanine, produced only 
2.8 tillers per plant (ethylene largely absent) compared to 7.6 tillers 
per plant for the 123 d Mir-grown plants (Levinskikh et al., 2000).
Excess NH4 also increases wheat tillering (Fenn et al., 1995;
Camberato and Bock, 1990). ‘Apogee’ wheat grown in nutrient-
enriched clinoptilolite, dolomite and apatite produced many sterile 
mature and immature tillers compared to hydroponically-grown 
controls (Steinberg et al., 2000). Both sets had been grown on Earth 
in the absence of ethylene. The authors attributed increased tiller-
ing to NH4–N, noting that 95% of NH4 loaded into clinoptilolite had 
solubilized during plant growth, compared to 21% for K. Levine
(1999) also reported increased wheat tillering when plants were 
grown in NH4-loaded clinoptilolites. Thus, the excessive tillering 
observed among the 41 d Mir-grown plants (4.9 per plant) was 
likely caused by both ethylene and NH4 (Table 1).
3.2. Tissue water levels
The water content of culms, crowns and live leaves was signif-
icantly higher in Mir-grown plants compared to reference plants 
(Fig. 4). The reference plants had been grown under ideal envi-
ronmental conditions (Table 1) and compared to Mir-grown plants 
for the purpose of identifying abnormalities in the latter. A high 
water content in tissues of Mir-grown plants coupled with an ac-Fig. 4. Mean (± SE) tissue water percentages (FM) for culms, crowns, roots, and 
young, mature and senescent (dead) leaves of Mir-grown plants and reference 
plants. Means marked with different letters are signiﬁcantly different (P ≤ 0.05) 
according to T-tests conducted within tissue types (n = 9–106).
cumulation of free amino acids typical of those observed in tissues 
experiencing oxidative stress (discussed below) is consistent with 
hyperhydricity. In plant tissue cultures, hyperhydricity is caused by 
constant water availability to roots coupled with high relative hu-
midities in canopies. Both the apoplasm (space between cells) and 
the cytoplasm are affected. The apoplast water content of hyperhy-
dric tissues can be as high as 85%, with 15% being normal. Excess 
water in the apoplasm impedes CO2 and O2 diffusion, which lim-
its photosynthesis and respiration and leads to an accumulation of 
reactive oxygen species (ROS) (van den Dries et al., 2013).
In nature, hyperhydricity seldom occurs because root zones and 
canopies seldom remain saturated. Instead, humid air adjacent to 
photosynthesizing and transpiring leaves mixes with drier air from 
the more external environment. This mixing is driven by convec-
tive micro-currents of air that form when thin layers of moist air 
surrounding leaves (boundary layers) are heated by infrared ra-
diation originating from the illuminated leaves. Convection then 
occurs. The heated boundary-layer air rises and mixes with cooler 
and drier air, and this reduces boundary layer thickness and pro-
motes transpiration. In weightlessness, convective mixing of moist 
boundary layer air with external dry air does not occur. Hence, 
saturated boundary layers increase in thickness. Under such con-
ditions, apoplasmic air spaces, which generally constitute 85 % of 
the apoplasm (van den Dries et al., 2013), may ﬁll with water. This 
scenario might explain the high tissue water levels observed in 
leaves and stems of the Mir-grown plants (Fig. 4) and the lack of 
stomatal closure at night as measured on the same plants (Monje 
et al., 2000). Also, absence of stomatal closure at night may have 
been caused by the super-elevated CO2 levels to which the plants 
were exposed (7–10 mmolmol−1, Table 1). Similarly-high CO2 lev-
els suppressed stomatal closure at night in several dicots (Wheeler, 
2006).
Boundary layer thicknesses in weightlessness are theoretically 
reduced using fans to ventilate leaf surfaces. Based on photosyn-
thesis measurements, such procedures appear to be effective in 
low to moderate light intensities (Monje et al., 2005). However, 
13–16% reductions in whole chain electron transport activity and 
in the activity of photosystems I and II occurred in weightless-
ness under high light intensities (Stutte et al., 2005). It remains to 
be determined whether such reductions are due to weightlessness 
itself, to ineffectiveness of leaf ventilation procedures in prevent-
ing hyperhydricity, or to other causes. Ventilation effectiveness in 
preventing hyperhydricity in weightlessness could be tested by es-
timating apoplast volumes of leaves by pycnometry (Raskin, 1983)
and by estimating percentages of apoplast volumes ﬁlled with wa-
ter and air using microcentrifugation (Terry and Bonner, 1980;
van den Dries et al., 2013).
Harvest and storage procedures for Mir-grown plants may have 
caused post-harvest water absorption. But this is unlikely because 
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plants and reference plants. Values for Mir-grown plants are averages of six sam-
ples (large and small leaves). Values for reference plants are averages across two 
samples (large leaves only). Mo and Cd levels in reference plant samples were be-
low detectable limits. Means marked with different letters are signiﬁcantly different 
(P ≤ 0.05) according to Tukey multiple comparison tests.
only live tissues, i.e., culms, crowns, and live leaves, exhibited hy-
perhydricity. In contrast, the water content of senescent leaves 
from Mir-grown plants was signiﬁcantly lower than for senescent 
leaves of reference plants (Fig. 4). This suggests that hyperhydric 
conditions, occurring in live leaves of Mir-grown plants, led to 
anoxia, precocious osmolysis-driven cell death, and rapid desicca-
tion of lysed cells.
3.3. Nutrient and hormone levels
Plants in weightlessness may accumulate K (Nechitailo and 
Gordeev, 2001; Levine and Krikorian, 2008) and Ca (Kordyum et 
al., 1984; Belyavskaya, 1996), and our results are consistent with 
this possibility. Levels of K, Ca, S, Na, B, Al, Mo and Cd were higher 
in mature leaves of Mir-grown plants compared to those of the 
reference plants. In contrast, P and Mg levels were lower (Fig. 5). 
Regardless of these differences, levels of most mineral nutrients 
were within limits for normal growth (Marschner, 1986), including 
K (2 to 5 %) and Ca (0.1 to >5.0%), or at least marginally within 
these limits, including P (low end of 0.3 to 0.5 % range) and S (high 
end of 0.2 to 0.5 % range). However, Mg levels in Mir-grown leaves 
were only 20 % of optima (0.1 % vs 0.5 %), and B levels, based on 
studies conducted with maize (Marschner, 1986), were at poten-
tially toxic levels (>100 mgkg−1).
The nutrient values listed in Table 1 for Balkanine represent 
potentially-assimilable forms (Ivanova et al., 1997). Actual avail-
ability depends on dissolution and ion exchange rates, which vary 
among clinoptilolites based on original nutrient content (Allen et 
al., 1993, 1995; Levine, 1999; Steinberg et al., 2000). Nevertheless, Fig. 6. Mean (±SE) levels of ABA, IAA and cytokinins for roots, leaves, and crowns 
and culms of Mir-grown plants and reference plants (n = 6–10). ABA levels in leaves 
of reference plants exceeded 40 μmol kg−1 DM. Means marked with different letters 
are signiﬁcantly different (P ≤ 0.05) according to Tukey multiple comparison tests.
the observed high tissue levels of certain minerals in leaves of the 
Mir-grown plants, e.g., K, Ca, Na and B (Fig. 5), were likely caused 
by high levels of availability in the liquid component of the Balka-
nine substrate.
Because of small sample sizes and few replications (Table 2), 
differences in hormone levels among speciﬁc plant tissues were 
not detected. However, differences were detected when values 
from adjoining tissues were grouped together. Most prominent 
were high ABA levels in crowns, culms and leaves of reference 
plants compared to Mir-grown plants (Fig. 6). The reference plants 
may have experienced osmotic stress, which causes ABA levels to 
rise (Danquah et al., 2014). It is also possible that high levels of 
ethylene aboard Mir suppressed ABA synthesis in the Mir-grown 
plants.
As a gaseous plant hormone, ethylene participates in regulat-
ing many physiological and developmental processes (Abeles et 
al., 1992). Plant sensitivities to ethylene range widely depend-
ing on genotype (Klassen and Bugbee, 2002; Hays et al., 2007). 
Highly sensitive plants show responses at 0.2 nmolmol−1, but 
resistant plants might not show responses until levels approach 
1.0 mmolmol−1 (Merchante et al., 2013). Ethylene levels aboard 
Mir were well within this range of sensitivity and varied from 
1.1–1.7 μmolmol−1 (James et al., 1997; Bingham et al., 1996a). 
Ethylene inhibits ABA synthesis and accumulation (Wilkinson et 
al., 2012) and adversely affects ABA sensitivity (Wilkinson and 
Davies, 2010). Hence, ethylene inhibition of ABA synthesis likely 
contributed to the low levels of ABA observed in the crowns, culms 
and leaves of the Mir-grown plants (Fig. 6).
In subsequent experiments, separate sets of Super Dwarf wheat 
plants grown on Earth were exposed to ethylene levels rang-
ing from 0–20 μmolmol−1. Results from these studies indicate 
that exogenous ethylene aboard Mir likely caused seed abortion 
in plants from the ﬁrst sowing and stunted growth and exces-
sive tillering in plants from both sowings (Campbell et al., 2001;
Bubenheim et al., 2003; Salisbury et al., 2003).
Levels of CO2 aboard Mir were also above healthy levels, and 
ranged from 7–10 mmolmol−1 (Monje et al., 2000), or about 
18 to 25-fold higher than on Earth. In ground-based studies, 
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minus proline (Pro) for mature and senescent (dead) leaves of Mir-grown plants and 
reference plants. Means were obtained from 6–8 samples of leaves from Mir-grown 
plants and from 2–4 samples of leaves from reference plants. Means marked with 
different letters are signiﬁcantly different (P ≤ 0.05) according to Tukey multiple 
comparison tests.
wheat yields were higher when CO2 levels were enriched 3-fold; 
but when CO2 levels were elevated by 8-fold or more (up to 
20 mmolmol−1), endogenous ethylene synthesis increased and 
grain yields fell (Bugbee et al., 1994; Grotenhuis and Bugbee, 1997;
Jiang et al., 1998).
Cytokinin levels in crowns and culms also differed with lev-
els being higher in Mir-grown plants (Fig. 6). Cytokinins, in a 
poorly-understood interplay with auxins and other molecules, pro-
mote the precocious activation of axillary buds (Vanstraelen and 
Benkova, 2012). ABA limits cytokinin synthesis and inhibits its ex-
port from roots and its accumulation in shoots (Nishiyama et al., 
2011; Ha et al., 2012). Hence, the excessive tillering in Mir-grown 
plants and in ground experiments exposed to high ethylene lev-
els (Campbell et al., 2001; Bubenheim et al., 2003) may have in-
volved a three step process: ethylene inhibition of ABA synthesis, 
increased cytokinin synthesis in roots and its transport to crowns 
and culms (in the absence of ABA), and cytokinin-induced preco-
cious tiller-bud activation in crowns. Ethylene also causes newly 
initiated leaves to elongate rapidly (Hunter et al., 1999), which may 
explain the formation of many long and narrow leaves among the 
unusually-small tillers of the Mir-grown plants.
Summed together, levels of free amino acids were higher in 
the mature leaves of healthy reference plants compared to ma-
ture leaves of Mir-grown plants, but no differences in summed 
totals were observed for senescent leaves (Fig. 7). When individual 
amino acids were considered independently, we observed that lev-
els of proline, alanine, serine, glutamine plus glutamic acid, thre-
onine, glycine, tyrosine and methionine were higher in the leaves 
of reference plants (Fig. 8). Levels of these amino acids, except for 
glutamine plus glutamic acid and glycine, were lower in senescent 
leaves. This is consistent with processes of nutrient-export from 
cells, which generally accompany leaf senescence (van Doorn et 
al., 2011).
When proline levels were ignored, total amino acid levels in 
mature leaves did not differ between Mir-grown plants and refer-
ence plants (Fig. 7). Proline was the most abundant amino acid, 
and its levels were higher in mature leaves of the reference plants 
(Fig. 8). When plants experience drought, lysine is converted to 
glutamic acid, glutamic acid is converted to proline, and pro-
line accumulates to osmotically-active levels (Galili et al., 2001;
Min et al., 2014). Depleted lysine levels, elevated levels of glu-
tamine plus glutamic acid, elevated levels of proline (Fig. 8), and 
low tissue water levels (Fig. 4) in leaves of the reference plants 
suggest that these leaves were osmotically stressed compared to 
leaves of the Mir-grown plants.
TARGET OF RAPAMYCIN (TOR) encodes a highly conserved ser-
ine/threonine protein kinase that regulates multiple gene networks 
involved in nutrient, energy and stress signaling (Baena-Gonzalez, 
2010; Ren et al., 2012; Robaglia et al., 2012; Xiong and Sheen, 
2014). Normally, TOR promotes ribosome and protein synthesis 
while preventing autophagy and plant cell death (Ahn et al., 2011;Fig. 8. Mean (± SE) levels of amino acids for mature and senescent (dead) leaves 
of Mir-grown plants and reference plants. Means were obtained from 6–8 samples 
of leaves from Mir-grown plants and 2–4 samples of leaves from reference plants. 
Means marked with different letters are signiﬁcantly different (P ≤ 0.05) according 
to Tukey multiple comparison tests. Starred amino acids are those known to accu-
mulate during oxidative stress (Xiong and Sheen, 2014). Pro, proline; Ala, alanine; 
Ser, serine; Glx, glutamine and glutamic acid; Asx, asparagine and aspartic acid; Val, 
valine; Lys, lysine; Thr, threonine; Leu, leucine; Ise, isoleucine; Phe, phenylalanine; 
Gly, glycine; Arg, arginine; Tyr, tyrosine; His, histidine; Met, methionine.
Williams et al., 2014). However, ROS, which accumulate during 
energy starvation, hypoxia and other stresses, suppress synthe-
sis and functioning of TOR. Ribosome and protein synthesis are 
then curtailed, autophagy (protein catabolism) occurs, catabolism-
resistant free amino acids accumulate, including branched-chain 
(leucine, isoleucine and valine), aromatic (tyrosine and tryptophan) 
and other (lysine, histidine and proline) amino acids (Xiong and 
Sheen, 2014), and programmed cell death ensues. Interestingly, 
amino acids consistent with such ROS-induced autophagy, includ-
ing leucine, isoleucine, valine, lysine and histidine, accumulated to 
high levels in mature and senescent leaves of the Mir-grown plants 
(Fig. 8). These accumulations coupled with hyperhydricity (Fig. 4) 
and precocious leaf senescence (Fig. 1B, D) suggest that inadequate 
leaf ventilation caused leaf hyperhydricity followed by hypoxia, 
oxidative stress, TOR suppression, autophagy and cell death. Venti-
lation (1500 Lmin−1) through Svet was not interrupted following 
the gas-exchange experiments (Monje et al., 2000), i.e., during the 
last 16 d of the 41 d growth period. But tunneling of air ﬂow 
through the canopy may have occurred, the result being that many 
leaf surfaces may not have been well ventilated.
Oxidative stress was recently documented in weightlessness-
grown plants of barley (Shagimardanova et al., 2010) and Brassica
(Sugimoto et al., 2014). In both cases, the plants were thought to 
have been well ventilated, and the oxidative stress was attributed 
to weightlessness. However, our results suggest that reductions 
in boundary layer moisture by leaf ventilation in weightlessness 
may be less effective, or more diﬃcult to achieve, than previously 
thought. The Svet greenhouse in our study moved 1500 L of air 
through the canopy per minute, yet evidence of chronic leaf hyper-
hydricity was observed. We suggest that hyperhydricity of leaves 
be measured in future weightlessness experiments.
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terrestrial stresses
A conﬂuence of the signal transduction pathways of diverse bi-
otic and abiotic stresses occurs upstream of the oxidative stress 
pathway, the latter being a central coordinator of various nutrient, 
energy and stress signaling networks (Xiong and Sheen, 2014). Due 
to this upstream conﬂuence, plant responses to diverse stresses are 
often similar, and this may include weightlessness-speciﬁc stresses. 
Similarities in stress responses complicate cause-and-effect anal-
yses (Fujita et al., 2006; De Micco et al., 2014). In the past, 
we speculated that the developmental anomalies observed in the 
present study, and those observed among plants of the ﬁrst sow-
ing (Salisbury, 1997; Levinskikh et al., 2000; Campbell et al., 2001;
Salisbury et al., 2003), were caused exclusively by high ethylene 
levels aboard Mir. But such speculation is not entirely consistent 
with current views.
Even when growth conditions are optimized, weightlessness 
is now expected to extract a toll on plant performance. A ma-
jor goal for future space biology experimentation will be to un-
derstand the extent of this toll, and this will require additional 
physiological, developmental and molecular studies. Properly de-
signed, these studies will differentiate direct from indirect effects 
of weightlessness on plant performance, and they will also begin 
to deﬁne ideal weightlessness-tolerant plant prototypes (De Micco 
et al., 2014). Such prototypes may ultimately be achieved by plant 
breeding and genetic engineering, but knowledge of gravitropism, 
phototropism and other molecular and physiological processes af-
fected by weightlessness will be central to such germplasm im-
provement.
Though details remain vague, gravitropism is initiated by sed-
imentation processes in shoot endoderm and root columella cells, 
the sedimentation process itself representing the gravitropic sig-
nal (Hashiguchi et al., 2013; Strohm et al., 2014). This signal is 
followed by movement of auxin to the underside of shoot and 
root cells. Curvature then occurs such that shoots and roots grow 
parallel to the gravity vector. Auxin inﬂux and eﬄux transporters 
are central to this up or down growth (Geisler et al., 2014;
Ueda et al., 2014), and the process itself is ﬁne-tuned by auxin 
sensitivity (Salisbury, 1993). Auxin transporters also are central 
to phototropic growth, i.e., of shoots toward light and of roots 
away from light. Instead of gravity-dependent sedimentation, pho-
totropic signals are generated by photoreceptor kinases, primarily 
phototropin 1 and 2, that are autophosphorylated upon blue light 
irradiation (Christie and Murphy, 2013). Recent studies indicate 
that gravitropism is attenuated by strigolactone hormones to effec-
tuate angular growth. The mode of action involves local reductions 
in auxin biosynthesis (Sang et al., 2014).
Essentially all phases of the life cycle involve auxin-mediated 
processes (Vanstraelen and Benkova, 2012; Ceccato et al., 2013). 
Since gravity ﬁne-tunes inter and intracellular auxin transport, it is 
reasonable to suspect that weightlessness may negatively impact 
many plant development processes. Whether auxins are involved 
or not, evidence suggests that weightlessness adversely affects cell 
cycle regulation (Matía et al., 2005, 2010), cell wall deposition and 
elongation (de Micco et al., 2008), and possibly the regulation of 
ROS formation and catabolism (Sugimoto et al., 2014).
4. Conclusion
Evidence of excessive oxidative stress in leaves of Mir-grown 
wheat is provided herein. This may have been caused by high ethy-
lene levels aboard Mir or even by weightlessness itself. However, 
our data suggest another explanation. Leaves of the Mir-grown 
plants contained excessive levels of water, a phenomenon con-
sistent with leaf hyperhydricity in plant tissue cultures on Earth. Additionally, these leaves contained free amino acid proﬁles con-
sistent with oxidative stress and subsequent autophagy, and they 
tended to senesce precociously. These ﬁndings suggest that the 
leaf ventilation provided by the Svet greenhouse aboard Mir may 
have failed to remove suﬃcient quantities of boundary-layer water. 
Since oxidative stress is frequently observed in tissues of plants 
grown in weightlessness, ineffective leaf ventilation as a possible 
cause should be considered.
On Earth, water is removed from cell surfaces of leaves at the 
molecular level based on heat-driven micro-convective air currents 
that originate immediately adjacent to irradiation-warmed cell sur-
faces. In contrast, removal of water from cell surfaces by forced-air 
ventilation in weightlessness depends, at least at the boundary 
layer level, on diffusion of water through air, which may be a 
much less effective process. Before we can determine if weight-
lessness itself causes oxidative stress, it will be necessary to rule 
out hyperhydricity, which may present as a progressive syndrome 
ranging, for example, from 15 % of apoplast free space being ﬁlled 
with water to as high as 85 %. Even mild but chronic hyperhydric-
ity may cause leaf tissue hypoxia and ROS formation. Fortunately, 
hyperhydricity is detected by simple procedures that measure per-
centage water content in the apoplast free spaces of leaves. Such 
tests might reveal that crops with high density canopies, such as 
cereals, may be less suited to spaceﬂight production, or they may 
require either growth in lower relative humidity environments or 
more vigorous and possibly not as yet developed water removal 
systems. Testing for hyperhydricity among weightlessness-grown 
plants may also reveal opportunities to breed or engineer leaf epi-
dermal surfaces such that a more conducive exchange of water 
vapor occurs at cell surfaces under weightlessness conditions.
Acknowledgements
We acknowledge technical support provided by William Camp-
bell, Rubin Nan, and Becky Kowallis, USU, technical and admin-
istrative support provided by Gary Jahns, Kristina Lagel, Sally 
Greenawalt and Terry Schnepp, NASA Ames Research Center, and 
ﬂight support provided by Vladimir Sychev, Margarita Levinskikh 
and Igor Podolsky, Russian Academy of Sciences, Institute of 
Biomedical Problems, Moscow, Russia. This research was supported 
by NASA Grant NCC 2-831 and by the Utah Agricultural Experiment 
Station, Project 426, Utah State University, Logan UT 84322-4810 
(approved as UAES journal paper number 8749).
References
Abeles, F.B., Morgan, P.W., Saltveit, M.E., 1992. Ethylene in Plant Biology. Academic 
Press, San Diego.
Ahn, C.S., Han, J.A., Lee, H.S., Lee, S., Pai, H.S., 2011. The PP2A regulatory sub-
unit Tap46, a component of the TOR signaling pathway, modulates growth and 
metabolism in plants. Plant Cell 23, 185–209.
Allen, E.R., Hossner, L.R., Ming, D.W., Hinninger, D.L., 1993. Solubility and cation 
exchange in phosphate rock and ammonium- and potassium-saturated clinop-
tilolite mixtures. Soil Sci. Soc. Am. J. 57, 1368–1374.
Allen, E.R., Ming, D.W., Hossner, L.R., Henninger, D.L., Galindo, C., 1995. Growth 
and nutrient uptake of wheat in clinoptilolite–phosphate rock substrates. Agron. 
J. 87, 1052–1059.
Baena-Gonzalez, E., 2010. Energy signaling in the regulation of gene expression dur-
ing stress. Mol. Plant 3, 300–313.
Belyavskaya, N.A., 1996. Free and membrane-bound calcium in microgravity and mi-
crogravity effects at the membrane level. Adv. Space Res. 17, 169–177.
Bingham, G.E., Brown, S.B., Salisbury, F.B., Campbell, W.F., Carman, J.G., Jahns, G., 
Bubenheim, D.L., Pletcher, D., Yendler, B., Sytchev, V.N., Levinskikh, M.A., Podol-
sky, I., Ivanova, I., Kosgtov, P., Sapunovca, S., 1996a. Environmental measure-
ments observed during the Greenhouse-2 experiment on the Mir orbital station. 
Committee on Space Research (COSPAR), Birmingham, England.
Bingham, G.E., Salisbury, F.B., Campbell, W.F., Carman, J.G., Bubenheim, D.L., Yendler, 
B., Sytchev, N.N., Berkovitch, Y.A., Levinskikh, M.A., Podolsky, I.G., 1996b. The 
Spacelab-MIR-1 “Greenhouse-2” experiment. Adv. Space Res. 18, 225–232.
J.G. Carman et al. / Life Sciences in Space Research 6 (2015) 59–68 67Bubenheim, D.L., Stieber, J., Campbell, W.F., Salisbury, F.B., Levinski, M., Sytchev, V., 
Pdolsky, I., Chernova, L., 2003. Induced abnormality in Mir- and earth grown 
Super Dwarf wheat. Adv. Space Res. 31, 229–234.
Bugbee, B., Spanarkel, B., Johnson, S., Monje, O., Koerner, G., 1994. CO2 crop growth 
enhancement and toxicity in wheat and rice. Adv. Space Res. 14, 257–267.
Camberato, J.J., Bock, B.R., 1990. Spring wheat response to enhanced ammonium 
supply, II. Tillering. Agron. J. 82, 467–473.
Campbell, W.F., Salisbury, F.B., Bugbee, B., Klassen, S., Naegle, E., Strickland, D.T., 
Bingham, G.E., Levinskikh, M., Iljina, G.M., Veselova, T.D., Sytchev, V.N., Podolsky, 
I., McManus, W.R., Bubenheim, D.L., Stieber, J., Jahns, G., 2001. Comparative ﬂo-
ral development of Mir-grown and ethylene-treated, earth-grown Super Dwarf 
wheat. J. Plant Physiol. 158, 1051–1060.
Ceccato, L., Masiero, S., Sinha Roy, D., Bencivenga, S., Roig-Villanova, I., Ditengou, F.A., 
Palme, K., Simon, R., Colombo, L., 2013. Maternal control of PIN1 is required for 
female gametophyte development in Arabidopsis. PLoS ONE 8, e66148.
Christie, J.M., Murphy, A.S., 2013. Shoot phototropism in higher plants: new light 
through old concepts. Am. J. Bot. 100, 35–46.
Danquah, A., de Zelicourt, A., Colcombet, J., Hirt, H., 2014. The role of ABA and MAPK 
signaling pathways in plant abiotic stress responses. Biotechnol. Adv. 32, 40–52.
de Micco, V., Aronne, G., Joseleau, J.P., Ruel, K., 2008. Xylem development and cell 
wall changes of soybean seedlings grown in space. Ann. Bot. 101, 661–669.
De Micco, V., De Pascale, S., Paradiso, R., Aronne, G., 2014. Microgravity effects on 
different stages of higher plant life cycle and completion of the seed-to-seed 
cycle. Plant Biol. (Stuttg.) 16 (Suppl. 1), 31–38.
Fenn, L.B., Hasanein, B., Burks, C.M., 1995. Calcium–ammonium effects on growth 
and yield of small grains. Agron. J. 87, 1041–1046.
Ferl, R., Wheeler, R., Levine, H.G., Paul, A.-L., 2002. Plants in space. Curr. Opin. Plant 
Biol. 5, 258–263.
Fujita, M., Fujita, Y., Noutoshi, Y., Yoshiteru, T., Narusaka, Y., Yamaguchi-Shinozaki, 
K., Shinozaki, K., 2006. Crosstalk between abiotic and biotic stress responses: a 
current view from the points of convergence in the stress signaling networks. 
Curr. Opin. Plant Biol. 9, 436–442.
Galili, G., Tang, G., Zhu, X., Gakiere, B., 2001. Lysine catabolism: a stress and devel-
opment super-regulated metabolic pathway. Curr. Opin. Plant Biol. 4, 261–266.
Geisler, M., Wang, B., Zhu, J., 2014. Auxin transport during root gravitropism: trans-
porters and techniques. Plant Biol. (Stuttg.) 16 (Suppl. 1), 50–57.
Grotenhuis, T.P., Bugbee, B., 1997. Super-optimal CO2 reduces seed yield but not 
vegetative growth in wheat. Crop Sci. 37, 1215–1222.
Ha, S., Vankova, R., Yamaguchi-Shinozaki, K., Shinozaki, K., Tran, L.S., 2012. 
Cytokinins: metabolism and function in plant adaptation to environmental 
stresses. Trends Plant Sci. 17, 172–179.
Hashiguchi, Y., Tasaka, M., Morita, M.T., 2013. Mechanism of higher plant gravity 
sensing. Am. J. Bot. 100, 91–100.
Hays, D.B., Do, J.H., Mason, R.E., Morgan, G., Finlayson, S.A., 2007. Heat stress induced 
ethylene production in developing wheat grains induces kernel abortion and 
increased maturation in a susceptible cultivar. Plant Sci. 172, 1113–1123.
Hess, J.R., Carman, J.G., 1998. Embryogenic competence of immature wheat em-
bryos: genotype, donor plant environment, and endogenous hormone levels. 
Crop Sci. 38, 249–253.
Hess, J.R., Carman, J.G., 1993. Normalizing development of cultured Triticum aes-
tivum L. embryos. I. Low oxygen tensions and exogenous ABA. J. Exp. Bot. 44, 
1067–1073.
Hunter, D.A., Yoo, S.D., Butcher, S.M., McManus, M.T., 1999. Expression of 
1-aminocyclopropane-1-carboxylate oxidase during leaf ontogeny in white 
clover. Plant Physiol. 120, 131–141.
Ivanova, T., Stoyanov, I., Stoilov, G., Kostov, P., Sapunova, S., 1997. Zeolite gardens in 
space. In: Veleva, M. (Ed.), Natural Zeolites. Pensoft, Soﬁa, Bulgaria.
James, J.T., Limero, T.F., Beck, S.W., Yang, L., Martin, M.P., Matney, M.L., Boyd, J.F., 
Covington, P.A., Lind, D.A., 1997. Toxicological assessment of air contaminants 
during the NASA 4 expedition. NASA/JSC SD2-97-543.
Jiang, L., Salisbury, F.B., Campbell, W.F., Carman, J.G., Nan, R., 1998. Studies on ﬂower 
initiation of super-dwarf wheat under stress conditions simulating those on the 
space station, Mir. J. Plant Physiol. 152, 323–327.
Jones, J.B., Wolf, B., Mills, H.A., 1991. Plant Analysis Handbook. Micro-Macro Pub-
lishing, Inc., Athens, GA.
Jones, S.B., Or, D., 1999. Microgravity effects on water ﬂow and distribution in un-
saturated porous media: analyses of ﬂight experiments. Water Resour. Res. 35, 
929–942.
Klassen, S.P., Bugbee, B., 2002. Sensitivity of wheat and rice to low levels of atmo-
spheric ethylene. Crop Sci. 42, 746–753.
Kordyum, E.L., Belyavskaya, N.A., Nedukha, E.M., Palladina, T.A., Tarasenko, V.A., 
1984. The role of calcium ions in cytological effects of hypogravity. Adv. Space 
Res. 4, 23–26.
Kostov, P., Sapunova, S., 2009. Artiﬁcial soil (substrate) selection for higher plant cul-
tivation in space: ground-based tests for assessment of some substrate physical 
properties. Aerospace Res. Bulg. 23, 103–120.
Levine, H.G., 1999. The growth of wheat in three nutrient-providing substrates un-
der consideration for spaceﬂight applications. Acta Hort. 481, 251–258.
Levine, H.G., Krikorian, A.D., 2008. Changes in plant medium composition after 
a spaceﬂight experiment: potassium levels are of special interest. Adv. Space 
Res. 42, 1060–1065.Levinskikh, M.A., Sychev, V.N., Derendyaeva, T.A., Signalova, O.B., Salisbury, F.B., 
Campbell, W.F., Bingham, G.E., Bubenheim, D.L., Jahns, G., 2000. Analysis of the 
spaceﬂight effects on growth and development of super dwarf wheat grown on 
the space station Mir. J. Plant Physiol. 156, 522–529.
Marschner, H., 1986. Mineral Nutrition of Higher Plants. Academic Press, Inc., New 
York.
Matia, I., Gonzalez-Camacho, F., Herranz, R., Kiss, J.Z., Gasset, G., van Loon, J.J.W.A., 
Marco, R., Medina, F.J., 2010. Plant cell proliferation and growth are altered by 
microgravity conditions in spaceﬂight. J. Plant Physiol. 167, 184–193.
Matía, I., González-Camacho, F., Marco, R., Kiss, J.Z., Gasset, G., Medina, F.-J., 2005. 
Nucleolar structure and proliferation activity of Arabidopsis root cells from 
seedlings germinated on the international space station. Adv. Space Res. 36, 
1244–1253.
Merchante, C., Alonso, J.M., Stepanova, A.N., 2013. Ethylene signaling: simple ligand, 
complex regulation. Curr. Opin. Plant Biol. 16, 554–560.
Min, J.H., Ju, H.W., Yang, K.Y., Chung, J.S., Cho, B.H., Kim, C.S., 2014. Heterologous ex-
pression of the gourd E3 ubiquitin ligase gene LsRZF1 compromises the drought 
stress tolerance in Arabidopsis thaliana. Plant Physiol. Biochem. 77, 7–14.
Monje, O., Bingham, G.E., Salisbury, F.B., Campbell, W.F., Carman, J.G., Eames, B.K., 
Sytchev, V., Levinshikh, M.A., Podolsky, I., 2000. Canopy photosynthesis and 
transpiration in microgravity: gas exchange measurements aboard Mir. Adv. 
Space Res. 26, 303–306.
Monje, O., Stutte, G., Chapman, D., 2005. Microgravity does not alter plant stand gas 
exchange of wheat at moderate light levels and saturating CO2 concentration. 
Planta 222, 336–345.
Mumpton, F.A., 1999. La roca magica: uses of natural zeolites in agriculture and 
industry. Proc. Natl. Acad. Sci. USA 96, 3463–3470.
Musgrave, M., Kuang, A., Tuominen, L., Levine, L., Morrow, R., 2005. Seed storage 
reserves and glucosinolates in Brassica rapa L. grown on the international space 
station. J. Am. Soc. Hort. Sci. 130, 848–856.
Musgrave, M.E., Kuang, A., 2003. Plant reproductive development during spaceﬂight. 
In: Marthy, H.-J. (Ed.), Developmental Biology Research in Space. Elsevier Sci-
ence, Amsterdam, the Netherlands.
Musgrave, M.E., Kuang, A., Xiao, Y., Stout, S.C., Bingham, G.E., Briarty, L.G., Levinskikh, 
M.A., Sychev, V.N., Podolski, I.G., 2000. Gravity independence of seed-to-seed 
cycling in Brassica rapa. Planta 210, 400–406.
Nan, R., Carman, J.G., Salisbury, F.B., 1999. Low Irradiances affect abscisic acid, 
indole-3-acidic acid, and cytokinin levels of wheat (Triticum aestivum L.) tissues. 
J. Plant Physiol. 155, 556–560.
Nechitailo, G., Gordeev, A., 2001. Effect of artiﬁcial electric ﬁelds on plants grown 
under microgravity conditions. Adv. Space Res. 28, 629–631.
Nishiyama, R., Watanabe, Y., Fujita, Y., Le, D.T., Kojima, M., Werner, T., Vankova, R., 
Yamaguchi-Shinozaki, K., Shinozaki, K., Kakimoto, T., Sakakibara, H., Schmulling, 
T., Tran, L.S., 2011. Analysis of cytokinin mutants and regulation of cytokinin 
metabolic genes reveals important regulatory roles of cytokinins in drought, 
salt and abscisic acid responses, and abscisic acid biosynthesis. Plant Cell 23, 
2169–2183.
Paul, A.L., Zupanska, A.K., Schultz, E.R., Ferl, R.J., 2013. Organ-speciﬁc remodeling 
of the Arabidopsis transcriptome in response to spaceﬂight. BMC Plant Biol. 13, 
112.
Raskin, I., 1983. A method for measuring leaf volume, density, thickness, and inter-
nal gas volume. HortScience 18, 698–699.
Ren, M., Venglat, P., Qiu, S., Feng, L., Cao, Y., Wang, E., Xiang, D., Wang, J., Alexander, 
D., Chalivendra, S., Logan, D., Mattoo, A., Selvaraj, G., Datla, R., 2012. Target of 
rapamycin signaling regulates metabolism, growth, and life span in Arabidopsis. 
Plant Cell 24, 4850–4874.
Robaglia, C., Thomas, M., Meyer, C., 2012. Sensing nutrient and energy status by 
SnRK1 and TOR kinases. Curr. Opin. Plant Biol. 15, 301–307.
Salisbury, F.B., 1993. Gravitropism: changing ideas. Hort. Rev. 15, 233–278.
Salisbury, F.B., 1997. Growing Super-Dwarf wheat in space station Mir. Life Supp. 
Biosphere Sci. 4, 155–166.
Salisbury, F.B., Campbell, W.F., Carman, J.G., Bingham, G.E., Bubenheim, D.L., Yendler, 
B., Sytchev, V., Levinskikh, M.A., Ivanova, I., Chernova, L., Podolsky, I., 2003. Plant 
growth during the greenhouse II experiment on the Mir orbital station. Adv. 
Space Res. 31, 221–227.
Salisbury, F.B., Gillespie, L.S., Campbell, W.F., Hole, P., 1998. Ground based studies 
with super-dwarf wheat in preparation for space ﬂight. J. Plant Physiol. 152, 
315–322.
Sang, D., Chen, D., Liu, G., Liang, Y., Huang, L., Meng, X., Chu, J., Sun, X., Dong, G., 
Yuan, Y., Qian, Q., Li, J., Wang, Y., 2014. Strigolactones regulate rice tiller angle 
by attenuating shoot gravitropism through inhibiting auxin biosynthesis. Proc. 
Natl. Acad. Sci. USA 111, 11199–11204.
Sestak, Z., Catsky, J., Jarvis, P., 1971. Plant Photosynthetic Production: Manual of 
Methods. Dr. W. Junk, The Hague, Netherlands.
Shagimardanova, E.I., Gusev, O.A., Sychev, V.N., Levinskikh, M.A., Sharipova, M.R., 
Il’inskaya, O.N., Bingham, G., Sugimoto, M., 2010. Expression of stress response 
genes in barley Hordeum vulgare in a spaceﬂight environment. Mol. Biol. 44, 
734–740.
68 J.G. Carman et al. / Life Sciences in Space Research 6 (2015) 59–68Steinberg, S.L., Ming, D.W., Henderson, K.E., Carrier, C., Gruener, J.E., Barta, D.J., Hen-
ninger, D.L., 2000. Wheat response to differences in water and nutritional status 
between zeoponic and hydroponic growth systems. Agron. J. 92, 353–360.
Strohm, A.K., Barrett-Wilt, G.A., Masson, P.H., 2014. A functional TOC complex con-
tributes to gravity signal transduction in Arabidopsis. Front. Plant Sci. 5, 148.
Stutte, G.W., Monje, O., Goins, G.D., Tripathy, B.C., 2005. Microgravity effects on thy-
lakoid, single leaf, and whole canopy photosynthesis of dwarf wheat. Planta 223, 
46–56.
Sugimoto, M., Oono, Y., Gusev, O., Matsumoto, T., Yazawa, T., Levinskikh, M.A., Sy-
chev, V.N., Bingham, G.E., Wheeler, R., Hummerick, M., 2014. Genome-wide 
expression analysis of reactive oxygen species gene network in Mizuna plants 
grown in long-term spaceﬂight. BMC Plant Biol. 14, 4.
Sychev, V.N., Levinskikh, M.A., Gostimsky, S.A., Bingham, G.E., Podolsky, I.G., 2007. 
Spaceﬂight effects on consecutive generations of peas grown onboard the Rus-
sian segment of the International Space Station. Acta Astronaut. 60, 426–432.
Sychev, V.N., Shepelev, E.Y., Meleshko, G.I., Gurieva, T.S., Levinskikh, M.A., Podol-
sky, I.G., Dadasheva, O.A., Popov, V.V., 2001. Main characteristics of biological 
components of developing life support system observed during the experiments 
aboard orbital complex MIR. Adv. Space Res. 27, 1529–1534.
SYSTAT, 2004. SYSTAT Software Inc.
Terry, M.E., Bonner, B.A., 1980. An examination of centrifugation as a method of 
extracting an extracellular solution from peas, and its use for the study of in-
doleacetic acid-induced growth. Plant Physiol. 66, 321–325.
Ueda, J., Miyamoto, K., Uheda, E., Oka, M., Yano, S., Higashibata, A., Ishioka, N., 2014. 
Close relationships between polar auxin transport and graviresponse in plants. 
Plant Biol. (Stuttg.) 16 (Suppl. 1), 43–49.van den Dries, N., Gianni, S., Czerednik, A., Krens, F.A., de Klerk, G.J., 2013. Flooding 
of the apoplast is a key factor in the development of hyperhydricity. J. Exp. 
Bot. 64, 5221–5230.
van Doorn WG, Beers, E.P., Dangl, J.L., Franklin-Tong, V.E., Gallois, P., Hara-Nishimura, 
I., Jones, A.M., Kawai-Yamada, M., Lam, E., Mundy, J., Mur, L.A., Petersen, M., 
Smertenko, A., Taliansky, M., Van Breusegem, F., Wolpert, T., Woltering, E., Zhiv-
otovsky, B., Bozhkov, P.V., 2011. Morphological classiﬁcation of plant cell deaths. 
Cell Death Differ. 18, 1241–1246.
Vanstraelen, M., Benkova, E., 2012. Hormonal interactions in the regulation of plant 
development. Annu. Rev. Cell Dev. Biol. 28, 463–487.
Wheeler, R.M., 2006. Potato and human exploration of space: some observations 
from NASA-sponsored controlled environment studies. Potato Res. 49, 67–90.
Wilkinson, S., Davies, W.J., 2010. Drought, ozone, ABA and ethylene: new insights 
from cell to plant to community. Plant Cell Environ. 33, 510–525.
Wilkinson, S., Kudoyarova, G.R., Veselov, D.S., Arkhipova, T.N., Davies, W.J., 2012. 
Plant hormone interactions: innovative targets for crop breeding and manage-
ment. J. Exp. Bot. 63, 3499–3509.
Williams, B., Verchot, J., Dickman, M.B., 2014. When supply does not meet demand-
ER stress and plant programmed cell death. Front. Plant Sci. 5, 211.
Wolff, S.A., Coelho, L.H., Zabrodina, M., Brinckmann, E., Kittang, A.I., 2013. Plant min-
eral nutrition, gas exchange and photosynthesis in space: a review. Adv. Space 
Res. 51, 465–475.
Wolverton, C., Kiss, J.Z., 2009. An update on plant space biology. Gravit. Space 
Res. 22, 13–20.
Xiong, Y., Sheen, J., 2014. The role of target of rapamycin signaling networks in plant 
growth and metabolism. Plant Physiol. 164, 499–512.
